The quality of welds, as well as the necessity of post-processing, is challenged by spatter generation during the laser keyhole welding process. In this study, the influence of the magnesium content on spatter behavior is studied for three aluminum alloys (Al99.5, AlMg3, and AlMg5). A synchronized dual high-speed camera system is used to observe the spatter behavior and to reconstruct 3D spatter trajectories as well as determine the characteristics of spatter velocity, flight path angle, and approximate spatter size. The mean spatter velocities and flight path angles of the welding experiments with the three alloys were in welding direction between 4.1 m/s and 4.6 m/s and 44.8 • and 51.0 • , respectively. Furthermore, the AlMg alloys show excessive spatter behavior with spray events of more than 50 spatters at a time, and less frequently spatter explosions. Spatter spray events show a character similar to spatter explosions. Volumetric evaporation is proposed as effecting these events. In contrast, and resulting from a different mechanism, pure aluminum (Al99.5) shows group ejection events with at least 10 spatters at a time. In this study, there are no correlations between spatter velocities and flight path angles, nor between velocities and approximate spatter sizes.
Introduction
Laser beam welding is a well-established process with increasing use in industrial production lines, such as in the car manufacturing industry. In cases with materials that have a high reflectance, the laser beam energy can be input efficiently by a process type known as keyhole welding or laser deep penetration welding. Laser keyhole welding enables fast material processing, resulting in deep and narrow welds accompanied by high cooling rates. With the ongoing demand for lightweight construction due to the goal of exhaust emission reduction, aluminum alloys make it possible to achieve a significant weight reduction in vehicles (up to 50%), while providing sustainability as 95% of the aluminum can be recycled [1] . Magnesium is one of the main alloying elements for aluminum alloys. As a lightweight material, the non-heat treatable 5000 series AlMg alloys are popular for their high corrosion resistance in the marine environment, good weldability, and moderate to high strength (~280 MPa) and toughness properties, which can be gained by work hardening [2] .
The complex physical phenomena during laser keyhole welding include a highly dynamic process behavior involving liquid melt detachment (spattering), which at the surface is usually observable in the near-keyhole region. Spatters can lead to weld imperfections such as undercutting, thus potentially reducing the mechanical integrity of the joint. In addition to the loss of material incurred, these can pollute optical components, leave unwanted burn marks, and stick to workpiece surfaces, thus making further processing steps necessary.
State of Research
Excessive spatter generation and dynamic process behavior are especially observable in the laser keyhole welding of aluminum alloys containing elements with low boiling temperatures [3] . As one 2 of 14 of these, magnesium has a high evaporation rate due to its high thermodynamic activity and low vaporization temperature in comparison to pure aluminum (a difference of 1360 K). At temperatures above the boiling point of magnesium, this results in selective evaporation and the domination of magnesium in the vapor of the binary alloy. The greater recoil pressure inside the keyhole then also contributes to an increase in the process dynamics [4] .
Previous investigations into spattering mainly focused on the important understanding of spatter generation mechanisms. Spattering occurs when a local volume of melt has enough kinetic energy to overcome surface tension, thus disintegrating from the melt [5] . There are different theories on possible mechanisms that could lead to local melt acceleration, thereby providing the energy needed for detachment. These are sorted by place of action in the following:
Inside the melt pool:
1.
Melt flow channel contraction: The narrowing of the flow channel between the front half of the keyhole wall and the solidus area of the melt pool due to keyhole wall oscillations [5] .
2.
Turbulence: In terms of melt flow conditions [6] .
3.
Volumetric evaporation (as shown for the MIG welding of AlMg alloys): In the lower layer regions, close to the melt surface for alloys containing low boiling elements [7] .
Inside the keyhole:
Vapor-generated waves and flow on the keyhole wall: Induced by recoil pressure [8] on a large scale, and on a small scale [9] , with the occurrence of local hot spots [10] as well as by the extensive evaporation rates due to low boiling temperature elements. Violent keyhole fluctuation has indeed been reported in the welding of alloys containing low boiling elements [4] .
2.
Drag force by shear stress: Vapor-melt interaction at the keyhole rim outlet [11] , especially when the vapor stream is accelerated by keyhole contraction [12] .
Of course, all mentioned mechanisms can act interdependently, resulting in a highly dynamic system. The presence of magnesium in binary aluminum alloys has an influence on the material properties. Changes in surface tension, density, viscosity, and vapor pressure should thereby influence both the process dynamics and spatter generation mechanisms. For the spatter escape velocity condition, according to [5] , this means that for AlMg alloys, less kinetic energy is needed for the melt acceleration to overcome the surface tension compared to pure aluminum for an identical hemispherical melt bump radius and temperature ( Figure 1 ). Also, with a smaller melt surface radius, the difference in the energy needed for disintegration increases between AlMg alloys and pure aluminum. Influence of melt surface radius on minimal droplet escape velocity for Al, AlMg3, and AlMg5 at 973 K (Data for surface tension and densities taken from: [13, 14] ).
Hypothesis
Assuming an equal laser energy application and taking into consideration the fact that the laser absorption rate inside the keyhole is higher for an alloy containing magnesium [4] , this would mean that for AlMg alloys more energy could be available for spatter generation. It is assumed that when AlMg alloys are laser welded, smaller yet more spatters occur in comparison to pure aluminum Figure 1. Influence of melt surface radius on minimal droplet escape velocity for Al, AlMg3, and AlMg5 at 973 K (Data for surface tension and densities taken from: [13, 14] ). Droplet escape condition: ρ
where, v z is velocity of rising melt bump, R is melt bump radius, σ is surface tension of melt and ρ is density of melt.
Assuming an equal laser energy application and taking into consideration the fact that the laser absorption rate inside the keyhole is higher for an alloy containing magnesium [4] , this would mean that for AlMg alloys more energy could be available for spatter generation. It is assumed that when AlMg alloys are laser welded, smaller yet more spatters occur in comparison to pure aluminum (Al99.5) because less energy is required for disintegration due to the lower surface tension. As the surface tension is temperature dependent and maximal temperatures on the melt surface are known to exist at the keyhole outlet rim, most spatters should eject from this region.
This investigation concentrates on the influence of the alloying element magnesium on spatter behavior during the laser deep penetration welding of aluminum alloys. Therefore, three aluminum alloys will be compared: Al99.5, AlMg3, and AlMg5. The process dynamics regarding spatter formation mechanisms will be investigated with dual high-speed cameras using bead on plate (bop) welds. Spatter velocities and flight path angles will be calculated from reconstructed 3D trajectories of spatters. The corresponding approximate spatter sizes will be evaluated from a single camera view.
Experimental and Methods

Welding and Recording for the 3D Spatter Track Reconstruction and Observation of Process Behavior
The process was observed by two synchronized high-speed cameras (Vision Research VEO410L, Phantom V5.1). For the welding, the processing optic BEO D70 with a 200 mm focal length and a 4.5 • inclination angle (in welding direction) in combination with a high-power disc laser (TruDisk12002, λ = 1030 nm) and a CNC linear table was used to perform bead on plate (bop) welds. The following materials were welded in the CW laser deep penetration mode: Al99.5, AlMg3 and AlMg5 (100 mm × 50 mm × 10 mm). All three alloys were previously analyzed with an optical emission spectrometer. They corresponded to the German standard DIN EN 573-3 12:2013 (EN AW-1050A-H111, EN AW-5754-H111, EN AW-5019-H111, respectively). To prevent the influence of a shielding gas stream on spatter flight paths, no shielding gas was used. The welding process was conducted for 80 mm at a laser beam power of 2 kW and a welding speed of 2 m/min. The laser beam was defocused by z = −1 mm, with a measured laser spot diameter of 260 µm at the workpiece surface. Spatter ejections were recorded for a process window with a 40 mm seam length with a frame rate of 13,029 fps using a stationary dual high-speed camera setup. For a higher magnification of the region of interest (ROI) (keyhole with surrounding melt pool), distance rings were added to the camera optics. A scale cube was used as the origin for the coordinate system for the reconstruction of spatter trajectories as well as for scale. The origin of the coordinate system is located at the keyhole opening with the workpiece surface as x, y-plane and the welding direction as x-direction. For illumination, a pulsed laser (CAVILUX HF, λ = 808 nm) with corresponding bandpass filters with a full width at half max (FWHM) of 20 nm on both camera lenses was used. That way, only wavelengths within the CWL could be recognized by the cameras and the inconsistencies of the optical process emissions due to the vapor plume could be minimized, improving the view for spatter recognition. The experimental setup is visualized in Figure 2 . This setup was used for the reconstruction of spatter trajectories as well as for the extraction of spatter sizes. For visual analysis of spatter generation mechanisms in a second setup, one camera was directed at the keyhole outlet with a perspective from above, while a second synchronized camera recorded a sideview of the process (similar to high-speed camera 1 from Figure 2 ). Both perspectives ensured the correct interpretation of occurrences at the keyhole outlet region through a visual analysis of process behavior.
trajectories as well as for scale. The origin of the coordinate system is located at the keyhole opening with the workpiece surface as x, y-plane and the welding direction as x-direction. For illumination, a pulsed laser (CAVILUX HF, λ = 808 nm) with corresponding bandpass filters with a full width at half max (FWHM) of 20 nm on both camera lenses was used. That way, only wavelengths within the CWL could be recognized by the cameras and the inconsistencies of the optical process emissions due to the vapor plume could be minimized, improving the view for spatter recognition. The experimental setup is visualized in Figure 2 . This setup was used for the reconstruction of spatter trajectories as well as for the extraction of spatter sizes. For visual analysis of spatter generation mechanisms in a second setup, one camera was directed at the keyhole outlet with a perspective from above, while a second synchronized camera recorded a sideview of the process (similar to high-speed camera 1 from Figure 2 ). Both perspectives ensured the correct interpretation of occurrences at the keyhole outlet region through a visual analysis of process behavior. 
2D Spatter Track Acquisition
The detection of spatters and the acquisition of 2D spatter trajectories were achieved through image processing using the 'TrackMate' plugin [15] in ImageJ. To prevent incorrect detections through the illumination of laser reflections from the weld seam and rising melt columns, an ROI was defined that excluded these regions. This procedure was carried out for both videos. The 2D spatter tracks were acquired through image processing from the videos of camera 1 (Vid1) and camera 2 (Vid2) with the coordinate systems (xCam1, zCam1) and (yCam2, zCam2), respectively. Each 2D track from Vid1 and Vid2 was given an ID and a length (number of track points) with a corresponding start and end frame. The approximate spatter sizes in the 2D plane were acquired as pixel areas using 'Particle Analyzer' by adjusting the threshold value for most spatter detection. The centroid positions of the pixel areas were then compared and fed together with existing 2D track paths of Vid1 and finally converted to mm² units with the corresponding scaling factor. Spatter sizes were not offset to spatter diameters since errors would occur, particularly for small pixel areas (1 to 4 pixels). However, 
The detection of spatters and the acquisition of 2D spatter trajectories were achieved through image processing using the 'TrackMate' plugin [15] in ImageJ. To prevent incorrect detections through the illumination of laser reflections from the weld seam and rising melt columns, an ROI was defined that excluded these regions. This procedure was carried out for both videos. The 2D spatter tracks were acquired through image processing from the videos of camera 1 (Vid1) and camera 2 (Vid2) with the coordinate systems (x Cam1 , z Cam1 ) and (y Cam2 , z Cam2 ), respectively. Each 2D track from Vid1 and Vid2 was given an ID and a length (number of track points) with a corresponding start and end frame. The approximate spatter sizes in the 2D plane were acquired as pixel areas using 'Particle Analyzer' by adjusting the threshold value for most spatter detection. The centroid positions of the pixel areas were then compared and fed together with existing 2D track paths of Vid1 and finally converted to mm 2 units with the corresponding scaling factor. Spatter sizes were not offset to spatter diameters since errors would occur, particularly for small pixel areas (1 to 4 pixels). However, the diameters could be estimated by visual analysis for spatters from characteristic ejections by considering only the pixel width of the spatter.
Track Association
The accumulated 2D spatter tracks from both videos were associated into 3D trajectories using a simple algorithm. The 3D tracks were reconstructed in a common coordinate system (x Cam1 , y Cam2 , z Common ), with the origin located at the keyhole outlet, by finding the correct 2D tracks pairs acquired from both videos.
Because of the synchronal recording, only certain 2D track points from Vid1 and Vid2 overlapped in time while having the same height in the z-direction. These tracks were considered as potential partners for 3D track reconstruction. Track association was achieved through a frame-by-frame comparison of the z-coordinates of all 2D tracks from Vid1 and Vid2 with one another. If the error in the z-direction ∆z err between the two track points z Cam 1 and z Cam 2 from Vid1 and Vid2 in the same frame was less than 2% (∆z err < eps = 0.02), potential track partners were marked. Since points of a 3D track have three space coordinates (x Cam1 , y Cam2 , z Common ), a common z-compound was calculated as the mean value z between z Cam 1 and z Cam 2 .
Condition for track association:
The 2D tracks of Vid1 and Vid2 could not be associated with each other more than once. In cases of multiple associations, the 3D track with the most associated points was more likely to be correct. In cases of a double association with the same amount of track points, incorrect 2D track partners were excluded by visual analysis. For the validation of correct associations, the reconstructed 3D tracks were visually examined, and the excerpts were compared with spatter paths from Vid1 and Vid2 for validation. The reconstruction of 3D spatter tracks for Al99.5 is shown in Figure 3 .
Because of the synchronal recording, only certain 2D track points from Vid1 and Vid2 overlapped in time while having the same height in the z-direction. These tracks were considered as potential partners for 3D track reconstruction. Track association was achieved through a frame-byframe comparison of the z-coordinates of all 2D tracks from Vid1 and Vid2 with one another. If the error in the z-direction ∆ between the two track points and from Vid1 and Vid2 in the same frame was less than 2% (∆ < = 0.02), potential track partners were marked. Since points of a 3D track have three space coordinates (xCam1, yCam2, zCommon), a common z-compound was calculated as the mean value ̅ between and . Condition for track association:
The 2D tracks of Vid1 and Vid2 could not be associated with each other more than once. In cases of multiple associations, the 3D track with the most associated points was more likely to be correct. In cases of a double association with the same amount of track points, incorrect 2D track partners were excluded by visual analysis. For the validation of correct associations, the reconstructed 3D tracks were visually examined, and the excerpts were compared with spatter paths from Vid1 and Vid2 for validation. The reconstruction of 3D spatter tracks for Al99.5 is shown in Figure 3 . 
Analysis of Spatter Events and Calculation of Spatter Characteristics
The number of specific spatter events per seam length was counted by a visual analysis of Vid1, and the trajectories were reconstructed by the proposed method (summarized in Table 1 ). Spatter diameters in case of spatter events were evaluated by a visual analysis of pixel width, with conversion to µm. Total spatter velocity v and its components (v x , v y , v z ) were calculated from a slope of the regression line for each 3D track, using the first four points of the track if the track was longer. That way, minimal errors in calculated velocity could be ensured if the spatter did not fly on a straight path. The flight path angle of spatter α was calculated as the angle between the velocity vector and the x, y-plane (workpiece surface). The steepest angle of 90 • would thereby be vertical to the workpiece surface. For calculation accuracy, only reconstructed 3D tracks with at least 4 track points were chosen to be evaluated. For the evaluation of spatter characteristics, the reconstructed 3D tracks were sorted by quadrant according to the coordinate system. For the statistical analysis, quadrants I and IV, which had the most spatter track reconstructions, were chosen for evaluation ( Figure 4 ). The scheme for the determination of spatter characteristics can be found in Figure 5 . and the trajectories were reconstructed by the proposed method (summarized in Table 1 ). Spatter diameters in case of spatter events were evaluated by a visual analysis of pixel width, with conversion to µm. Total spatter velocity v and its components (vx, vy, vz) were calculated from a slope of the regression line for each 3D track, using the first four points of the track if the track was longer. That way, minimal errors in calculated velocity could be ensured if the spatter did not fly on a straight path. The flight path angle of spatter α was calculated as the angle between the velocity vector and the x, y-plane (workpiece surface). The steepest angle of 90° would thereby be vertical to the workpiece surface. For calculation accuracy, only reconstructed 3D tracks with at least 4 track points were chosen to be evaluated. For the evaluation of spatter characteristics, the reconstructed 3D tracks were sorted by quadrant according to the coordinate system. For the statistical analysis, quadrants I and IV, which had the most spatter track reconstructions, were chosen for evaluation ( Figure 4 ). The scheme for the determination of spatter characteristics can be found in Figure 5 . 
Results
Spatter Behavior
In this section, observations of spatter behaviors for three alloys are described. The spatter Figure 5 . Scheme for the determination of spatter characteristics.
Results
Spatter Behavior
In this section, observations of spatter behaviors for three alloys are described. The spatter behavior will be differentiated between spatter explosions and spatter spray events in case of welding of AlMg3 and AlMg5. Spatter explosions relate only to spatters which already left the region of keyhole outlet opening. Thus, they have already disintegrated from melt. Due to interaction with heat source, such as the laser beam, while in air they explode and disintegrate into smaller spatters. This effect is accompanied with pre going volume expansion of initial spatter volume. Spatter spray events evolve from undetached melt at close keyhole outlet region, on top of melt bumps or rising melt columns. Here application of heat source leads to excessive spatter generation, expressing in spray like behavior. High-speed camera recordings on described effects for spatter behavior are available as supplementary materials for the three materials.
Al99.5
The observed spatters disintegrated from the rising melt columns in the near-keyhole outlet region. No oxide layer was observed in this region. In the top camera view, the most rising melt columns accompanied by spatter generation appeared within this region. Different numbers of spatters in different sizes were able to disintegrate from a single melt column. Additionally, occurring ejections produced groups of more than 10 spatters at a time in an eruptive manner, whereby spatter diameters as small as 34 µm were possibly detected. Group ejection events could be accompanied by a widening of the keyhole outlet rim. On average, 4.3 +/− 0.9 group ejection events per mm seam length were observed. These group ejection events were also accompanied by rising melt columns. Most of the observed spatters flew on a straight trajectory within the ROI. The ejection angle and flight path angle of the spatters in reference to the workpiece surface differed from one another. In the near-keyhole outlet region, the flight direction of spatters was rarely influenced by interaction with the vapor stream. In some cases, this interaction with the vapor stream held a spatter in suspension above the workpiece surface or produced a rapid acceleration, thus affecting the flight path. However, most observed spatters passed by the zone of interaction with the vapor stream rapidly and at an angle, thus experiencing only a minor influence on their initial velocity. A frame series on the spatter behavior effect for Al99.5 is shown in Figure 6 . path. However, most observed spatters passed by the zone of interaction with the vapor stream rapidly and at an angle, thus experiencing only a minor influence on their initial velocity. A frame series on the spatter behavior effect for Al99.5 is shown in Figure 6 . 
AlMg3
Similar to the spatter ejection mechanism in the welding of pure aluminum, spatters disintegrated from the rising melt columns in the near-keyhole outlet region. In addition, excessive spatter spray events took place in the near-keyhole outlet region, on top of the melt surface or rising 
Similar to the spatter ejection mechanism in the welding of pure aluminum, spatters disintegrated from the rising melt columns in the near-keyhole outlet region. In addition, excessive spatter spray events took place in the near-keyhole outlet region, on top of the melt surface or rising melt columns, generating more than 50 small spatters at a time, with diameters as low as 34 µm. For the smallest spatter sizes, no significant difference between alloys could be determined. On average, 33.8 +/− 5.0 spray events per mm seam occurred. Notably, in contrast to the welding of pure aluminum, they showed an explosive character. Additionally, explosions of spatters that had already left the melt pool were detected. Spatter explosions were accompanied by a rapid expansion in volume and disintegration into many smaller spatters, whose flight direction could be redirected back to the workpiece surface. This means that additional spatters were generated outside of the commonly known ejection zone, some distance from the keyhole outlet region. Here, 1.4 +/− 0.6 spatter explosions per mm seam were observed. Explosions took place more commonly for larger spatters >112 µm (the smallest detected exploding spatter). Spray events on the top of rising melt columns showed similar behavior to spatter explosions. Notably, the escaping vapor stream from the keyhole outlet also assisted in the disintegration process; this is when the eruptions of spatter took place, which differed from spray events. Some of these eruptions were accompanied by a widening of the keyhole outlet rim. In comparison to pure aluminum, the melt columns were able to rise higher before disintegration. The corresponding effects are displayed in Figure 7 . Overall, a greater amount of larger and smaller spatters could be observed compared to Al99.5. 
AlMg5
The AlMg5 alloy shows a similar spatter generation behavior to AlMg3 in terms of generation mechanisms. Spatter disintegration from rising melt columns, eruptive ejections, spray events and rare but occurring spatter explosions were all observed. On average, 26.8 +/− 3.4 spray events per mm seam and only 0.4 +/− 0.4 spatter explosions per mm seam were observed, hence, generating slightly less characteristic spatter events than the AlMg3 alloy. Examples of a spray event and spatter explosion are shown in Figure 8 . 
The AlMg5 alloy shows a similar spatter generation behavior to AlMg3 in terms of generation mechanisms. Spatter disintegration from rising melt columns, eruptive ejections, spray events and rare but occurring spatter explosions were all observed. On average, 26.8 +/− 3.4 spray events per mm seam and only 0.4 +/− 0.4 spatter explosions per mm seam were observed, hence, generating slightly less characteristic spatter events than the AlMg3 alloy. Examples of a spray event and spatter explosion are shown in Figure 8 .
The AlMg5 alloy shows a similar spatter generation behavior to AlMg3 in terms of generation mechanisms. Spatter disintegration from rising melt columns, eruptive ejections, spray events and rare but occurring spatter explosions were all observed. On average, 26.8 +/− 3.4 spray events per mm seam and only 0.4 +/− 0.4 spatter explosions per mm seam were observed, hence, generating slightly less characteristic spatter events than the AlMg3 alloy. Examples of a spray event and spatter explosion are shown in Figure 8 . While in the keyhole welding of pure aluminum (Al99.5) spatters resulted from rising melt columns accompanied by disintegration and eruptive spatter group ejections, additional events take place in the welding of AlMg alloys, such as spray events and, less frequently, spatter explosions. The process behavior in the welding of pure aluminum is calm in comparison to that of AlMg alloys. AlMg alloys show a rather unstable process behavior, with chaotic changes of the melt surface at the keyhole outlet region. This directly affects the visual appearance of the weld bead geometry. While in the keyhole welding of pure aluminum (Al99.5) spatters resulted from rising melt columns accompanied by disintegration and eruptive spatter group ejections, additional events take place in the welding of AlMg alloys, such as spray events and, less frequently, spatter explosions. The process behavior in the welding of pure aluminum is calm in comparison to that of AlMg alloys. AlMg alloys show a rather unstable process behavior, with chaotic changes of the melt surface at the keyhole outlet region. This directly affects the visual appearance of the weld bead geometry.
Spatter Characteristics
The spatter flight paths, and related approximate spatter sizes were reconstructed from dual high-speed camera recordings of the keyhole welding process. The most 3D tracks could be reconstructed for quadrants I and IV, representing the spatters which flew away from the keyhole outlet region in the welding direction. A summary of the number of reconstructions sorted by quadrants is given in Table 2 . Table 2 . Number of reconstructed tracks and associated spatter sizes sorted by quadrant for the evaluation of a 10.23 mm seam length (4000 frames).
Al99.5
AlMg3 AlMg5 I  52  43  120  99  157  134  II  2  1  39  23  53  40  III  14  13  60  40  92  75  IV  51  44  169  137  195  149  Total  119  101  388  299  497  398 Normalized histograms and the statistical values of mean, 95% confidence level, minimum and maximum spatter velocity and flight path angle are given for the three alloys in Figure 9 The scatter plots between the spatter velocities and flight path angles as well as the velocities and approximated spatter areas are given for the three alloys in Figure 10 . No correlation for both dependencies can be detected. Taking into account the mean values and 95% confidence interval values from above for the dependencies between velocity and angle, the spatters at mean velocity are able to cover almost the entire range of flight path angles. The same applies to the mean angle of flight path and the range of spatter velocities. Notably, for Al99.5 the highest angles are reached at velocities <2 m/s. For spatter velocities smaller than the mean velocity, almost the whole range of approximate spatter sizes is covered. The highest spatter velocities are reached for spatter sizes around 0.012 mm 2 , reaching down to minimal spatter sizes. For the whole velocity pallet, 62.14% of spatters could be assigned to this range of sizes for Al99.5, 43.60% for AlMg3, and 46.02% for AlMg5. For the smallest spatter sizes (<0.006 mm 2 ), the whole range of velocities (0.6 m/s to 8.7 m/s) is covered, most obviously for AlMg5. 
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Discussion
In the visual process analysis of Al99.5, most spatter ejections were observed in the near-keyhole outlet region. No oxide layer could be identified here, even though no shielding gas was used. According to the hypothesis, the lowest surface tension is present at this area, with the highest melt 
In the visual process analysis of Al99.5, most spatter ejections were observed in the near-keyhole outlet region. No oxide layer could be identified here, even though no shielding gas was used. According to the hypothesis, the lowest surface tension is present at this area, with the highest melt surface temperature, providing excellent conditions for the disintegration of rising melt columns. In the case of group eruptive ejection events, which can be accompanied by a widening of the keyhole outlet rim, the outflowing vapor stream is suspected to help with disintegration. This observation correlates with the existing state of research [9] .
The spatter behavior for the investigated AlMg alloys resulting in spray events and spatter explosions both have a similar character. Spatter explosions are a strong indicator that volumetric evaporation takes place, as described in [7] for the MIG welding of AlMg alloys. Because of the great difference in boiling temperature between aluminum and magnesium, at temperatures above the boiling point of aluminum an intense selective evaporation of magnesium takes place at the surface layer of the spatter, leading to a depletion of magnesium. At the same time, in the lower melt layer regions of the spatter, the initial alloy composition is conserved. The boiling point of this composition is now lower than the boiling point of the depleted surface layer. If a heat source like a laser beam is now applied to the spatter, the inner melt layer can quickly reach its boiling point, which will result in a volumetric evaporation. Because volumetric evaporation takes place at lower melt layer regions, in cases of spatter explosions a significant expansion of volume is visible. It is most likely that this effect is also present at the lower layers of the melt surface, in the near-keyhole outlet region, resulting in spatter spray events. This volumetric evaporation happens in a short time frame due to the higher melt surface temperatures compared to spatter explosions, thus expansion in volume is only seldom visible at the recording rate used here, and only if the melt columns rise high. In the welding of the AlMg alloys, this mechanism can additionally provide melt acceleration energy for the disintegration process and lead to an unstable behavior of the melt pool surface layer. The observations of a chaotic melt pool surface with the visual appearance of the weld bead geometry correlate with this statement. Excessive spatter behavior has also been reported by [3] .
Regarding the number of spatter events from process observation, a greater amount of spatters was indeed observed for alloys containing magnesium, as proposed by the aforementioned hypothesis. The spatters could not be identified as being smaller in comparison to pure aluminum. However, in the welding of the AlMg alloys a greater number of smaller spatters could be detected. This underlines the fact that the disintegration process is made easier based on the droplet escape condition for the AlMg alloys. Interestingly, the mean spatter velocities between alloys differ little from each other, although the number of spatter events, especially between Al99.5 and the AlMg alloys, differs significantly. This suggests that, in the case of AlMg alloys, the available melt acceleration energy is redistributed over many spatters. Additionally, spatter group ejections and spray events originate from different mechanisms.
The differences in the number of reconstructed tracks by quadrant are a direct representation of the camera visibility within the ROI. Spatters flying away from the camera are less visible if they cannot be sufficiently illuminated by the illumination laser. The intensity of the illumination laser beam is attenuated by the present vapor stream, through which it can barely penetrate. Although more spatter tracks could be reconstructed for the AlMg alloys in comparison to pure aluminum, the sum of reconstructed spatter tracks for each alloy does not represent an approximation of the actual number of spatter ejections during the analyzed process section. The number of reconstructed spatter tracks mainly depends on the quality of the tracker used and on the proposed method for track association by a common z-coordinate. Especially for group ejection events with a high spatter density in the ROI and additional crossing spatter with a higher velocity, the tracker struggles to reconstruct the correct 2D tracks. In addition, the high amount of spatters per eruption or spray event makes the reconstruction of 3D spatter trajectories difficult since several spatters could share a common z-coordinate in the same timeframe. However, as the number of reconstructed tracks represents a small excerpt of the actual spatter behavior during the process, a statistical analysis can cautiously be made.
Taking into consideration the ranges of the mean flight path angles 44.8 • -51 • and the velocities 4.1-4.6 m/s for all three alloys, it is understandable that in the visual observation, the traveling trajectory of spatters is only seldomly significantly influenced by the vapor stream. With steeper flight path angles closer to 90 • , there is a higher probability for the influence of the vapor stream on spatters since they are passing directly through.
The approximation of spatter sizes, which was acquired by thresholding, does not represent the actual spatter sizes. Because of the threshold value and the variation in the illumination of spatters within ROI, the actual spatter sizes will be slightly larger than calculated. Additionally, because of the limitation in the available pixel resolution of the proposed method, especially for smaller spatters (1-4 pixel) , no differentiation between small spatter sizes (0.003-0.012 mm 2 ) can be made. However, a conservative differentiation was made between larger spatter sizes and sizes <0.012 mm 2 .
Conclusions
In the laser deep penetration welding of the AlMg alloys, more and excessive spatter generation and unstable process behavior could be observed in comparison to pure aluminum. The following statements can be concluded:
•
Spatter spray events show a character similar to spatter explosions, which result from volumetric evaporation in the welding of the AlMg alloys.
No correlations between spatter velocities and flight path angles, or between spatter velocities and approximate spatter sizes, could be found.
The mean spatter velocities and flight path angles of the experiments with the three alloys in welding direction were between 4.1 and 4.6 m/s and 44.8 • and 51.0 • , respectively.
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